Introduction {#Sec1}
============

Dendritic cells (DCs) have been identified in the normal arterial wall and within atherosclerotic lesions in atherosclerosis, an inflammatory disease with incompletely characterized underlying mechanisms^[@CR1],[@CR2]^. As the most powerful and specialized antigen-presenting cells, DCs link innate and acquired immunity^[@CR3]^, and exist mostly in an immature form in the periphery with maturation being key for function^[@CR4]^. In higher numbers in late vs. early plaque stages and in acute coronary syndromes, other than stable angina, DCs locally infiltrate atherosclerotic plaques and may influence the accumulation in plaque shoulders, which rupture relatively easily^[@CR5],[@CR6]^.

Selectins are cell adhesion molecules that mediate the adhesion of inflammatory cells to vascular surfaces and to each other^[@CR7]^. P-selectin, which is expressed on the surface of activated platelets and endothelial cells, activates platelets by interacting with the P-selectin glycoprotein ligand (PSGL)-1, which promotes thrombosis and further inflammation, thereby accelerating atherosclerotic plaque formation^[@CR8],[@CR9]^. These possible roles of P-selectin in atherogenesis are further underscored by its higher surface expression on platelets in acute coronary syndromes other than stable angina^[@CR10]^, and mitigation of myocardial injury by the P-selectin antagonist inclacumab in patients with ST-segment elevation myocardial infarction (STEMI) undergoing percutaneous coronary intervention (PCI)^[@CR11]^.

Toll-like receptor 4 (TLR4) is expressed on different subsets of immune cells and its function is regulated in a cell-type-specific manner. Activation of TLR4 contributes to the maturation and regulation of antigen presentation of DCs, as well as T-cell differentiation^[@CR12]^. Ozaki et al. reported that the expression levels of PSGL-1 on inflammatory monocytes were high in acute coronary syndrome patients and positively correlated with TLR4 expression^[@CR13]^. The results of our previous study showed that L-selectin can promote the maturation of DCs via up-regulation of TLR4 expression^[@CR14]^. Despite the association with atherosclerosis, the role of P-selectin--DC interactions in atherosclerosis remains undefined, and therefore the subject of the present study. We hypothesized that P-selectin expressed on vascular endothelial cells by binding to PSGL-1 on DCs may mediate DC adhesion to endothelial cells and promote inflammation via the TLR4 signaling pathway and consequently promote the progression of atherosclerosis.

Results {#Sec2}
=======

Serum concentration of P-selectin was increased and the mDC/pDC ratio was decreased in STEMI patients {#Sec3}
-----------------------------------------------------------------------------------------------------

Thirty-four patients with STEMI and 34 aged-matched healthy controls were included for analysis. The blood concentrations of P-selectin, myeloid DCs (mDCs), and plasmacytoid DCs (pDCs) were measured on admission and at 5--7 days after PCI. As shown in Table [1](#Tab1){ref-type="table"}, STEMI patients had higher mean white blood counts, greater high-sensitivity C-reactive protein (hs-CRP) and B-type natriuretic peptide serum concentrations, and lower left ventricular ejection fractions. The serum concentrations of P-selectin and TNF-α were higher in the STEMI group vs. controls (6.66 ± 0.09 vs. 5.10 ± 0.71 ng/mL, *p* \< 0.0001; 79.7 ± 47.9 vs. 52.0 ± 39.0 pg/mL, *p* = 0.0110). The proportion of mDCs, as a percentage of total white blood cells, was lower in STEMI patients vs. controls (0.68 ± 0.10% vs. 1.91 ± 0.16%, *p* \< 0.0001) or as the absolute count (42.20 ± 6.17/µL vs. 141.1 ± 12.60/µL, *p* \< 0.0001). By contrast, there was no significant difference in pDC counts between groups (*p* = 0.1869). Meanwhile, the circulating mDC/pDC ratio was lower in STEMI patients vs. controls (5.83 ± 1.23 vs. 14.37 ± 2.04, *p* = 0.0006; Fig. [1b](#Fig1){ref-type="fig"}). However, as compared with the STEMI group on admission, serum P-selectin was decreased at 5--7 days after successful PCI (6.66 ± 0.16 vs. 5.09 ± 0.12 ng/mL, *p* \< 0.0001), while the percentage and absolute count of mDCs were both increased (0.68 ± 0.56% to 1.24 ± 0.77%, *p* = 0.0005; and 42.20 ± 6.17/µL to 110.7 ± 14.27/µL, *p* \< 0.001, respectively; Fig. [1c](#Fig1){ref-type="fig"}). In addition, the circulating mDC/pDC ratio also increased from 5.83 ± 1.23 to 12.79 ± 2.84 in the STEMI group and was inversely correlated with serum P-selectin levels in STEMI patients on admission (*r* = −0.5133, *p* = 0.0019), 5--7 days after successful PCI (*r* = −0.6709, *p* \< 0.0001), and in total (*r* = −0.3840, *p* = 0.0012). However, no statistically significant correlation was found in the controls (Fig. [1d](#Fig1){ref-type="fig"}). Taken together, we hypothesized that P-selectin plays a critical role in the migration of circulating mDCs into inflammatory vessels, which is a possible reason for the decrease in circulating mDCs in STEMI on admission.Table 1Clinical characteristics of the study population on admissionControls (*n* = 34)STEMI patients (*n* = 34)*p*Age (y)60.6 ± 8.962.9 ± 14.70.4397Males, *n* (%)22 (64.7%)27 (79.4%)0.2796Body-mass index (kg/m^2^)24. 8 ± 2.524.1 ± 1.80.1898Hypertension, *n* (%)17 (50.0%)18 (52.9%)1.0000Diabetes mellitus, *n* (%)5 (27.8%)8 (30.7%)0.5387Current smoker, *n* (%)12 (35.3%)19 (55.9%)0.1435Systolic blood pressure (mmHg)133 ± 13129 ± 280.4526Diastolic blood pressure (mmHg)81 ± 978 ± 170.3664Total cholesterol (mmol/L)4.4 ± 0.84.8 ± 1.00.0731Total triglyceride (mmol/L)1.6 ± 1.31.4 ± 0.90.7135LDL-cholesterol (mmol/L)2.6 ± 0.62.9 ± 0.80.0849HDL-cholesterol (mmol/L)1.3 ± 0.41.2 ± 0.30.2477Creatinine (μmol/L)76.6 ± 15.784.0 ± 39.30.3116Thyroid stimulating hormone (mU/L)1.3 ± 1.11.2 ± 1.00.6962Aspartate aminotransferase (U/L)31.5 ± 61.751.6 ± 47.50.2364White blood cell count (×10^9^/L)6.7 ± 2.310.7 ± 2.5\<0.0001B-type natriuretic peptide (ng/L)43.3 ± 43.0260.1 ± 377.80.0014Left ventricular ejection fraction (%)59.0 ± 2.551.6 ± 7.2\<0.0001hs-CRP (mg/L)2.2 ± 3.525.2 ± 41.10.0018TNF-α (pg/mL)52.0 ± 39.079.7 ± 47.90.0110Data are presented as n (%) or mean ± SD*STEMI* ST-segment elevation myocardial infarction, *LDL*-*cholesterol* low-density lipoprotein, *HDL-cholesterol* high-density lipoprotein, *hs-CRP* high-sensitivity C-reactive protein, *TNF-α* tumor necrosis factor-αFig. 1Serum concentration of P-selectin was increased and the mDC/pDC ratio was decreased in STEMI patients.Detection of peripheral blood dendritic cells (DCs) by standardized 3-color flow cytometry. Peripheral blood samples were collected and the cells were stained with human phycoerythrin (PE) anti-CD11c, PE anti-CD123, peridinin chlorophyll protein anti-HLA-DR, and fluorescent isothiocyanate (FITC) lineage cocktail 1 (lin1). (Aa): Events excluding debris and dead cells (P1); (Ab): cells were gated on region P1, a dot blot of lineage marker (*x-*axis) vs. HLA-DR (*y-*axis) was used to define the region of Lin^−^cells (P2); (Ac) pDC was defined as Lin1^−^HLA−DR^+^CD123^+^ (P4); (Ad) mDC was defined as Lin1^−^HLA-DR^+^ CD11c^+^ (P5). Flow cytometric analysis of the percentage and absolute numbers of mDCs (Ba and Bb), percentages and numbers of pDCs (Bc), and the mDC/pDC ratio (Bd) in control subjects (*n* = 34) and STEMI patients (*n* = 34) on admission. ELISA analysis of circulating P-selectin (Ca) and flow cytometric analysis of the percentage and absolute numbers of mDCs (Cb and Cc), and the mDC/pDC ratio (Cd) of STEMI patients on admission and at 5--7 days after PCI (*n* = 34). The circulating mDC/pDC ratio was inversely correlated with serum P-selectin levels in STEMI patients on admission (Da), 5--7 days after successful PCI (Db), and in total (Dc), while no such correlation was found in controls (Dd). mDC: myeloid dendritic cell; pDC plasmacytoid dendritic cell

Effect of P-selectin-PSGL on the immunogenic capability of DCs {#Sec4}
--------------------------------------------------------------

To determine the intrinsic effect of P-selectin-PSGL engagement on the immunogenic capability of DCs, human DCs were isolated from CD14^+^ peripheral blood mononuclear cells and differentiation was induced by rhIL4 and rhGM-CSF. Then, DCs without transfection or transfected with negative control siRNA or GALNT4 siRNA were treated with bovine serum albumin as a control, LPS (20 ng/mL), P-selectin (100 ng/mL), or P-selectin plus KPL1 (5 μg/mL) for 24 h, respectively. First, the maturation surface molecular markers of DCs, including CD80, CD86, and MHC- II, were monitored by flow cytometry. As shown in Fig. [2a, b](#Fig2){ref-type="fig"}, pretreatment with LPS and P-selectin significantly induced maturation of DCs, as compared with the control group, while pretreatment with the PSGL1 Ab KPL-1 and PSGL1 knockdown of DCs had partially reversed the effect of P-selectin. Functionally, DCs treated with P-selectin acquired the capacity to enhance allogeneic T cell proliferation as effectively as LPS treatment in the mixed lymphocyte reaction (MLR) assay, while pretreatment with KPL-1 or knockdown of PSGL1 rendered the DCs unable to stimulate allogeneic T cells even with P-selectin stimulation (Fig. [2c, d](#Fig2){ref-type="fig"}). In addition, stimulation with LPS profoundly increased the ability of human DCs to adhere to the human umbilical vein endothelial cell (HUVEC) monolayer. Moreover, treatment with P-selectin increased human DC adhesion, while DC adhesion induced by P-selectin was almost completely abolished by treatment with KPL1 and PSGL1 knockdown (Fig. [2e, f](#Fig2){ref-type="fig"}). Accordingly, the results of the transwell migration assay showed that P-selectin significantly increased the migration of DCs, while treatment with KPL1 or knockdown of PSGL1 attenuated these changes (Fig. [2g, h](#Fig2){ref-type="fig"}). Interestingly, PSGL1 knockdown did not influence the effect of LPS on phenotypic maturation, communication with T cells, adhesion, or migration of DCs (data not shown).Fig. 2Effect of P-selectin-PSGL on the maturation, communication with T cells, adhesion, and migration of DCs.DCs without transfection or transfected with negative control siRNA or GALNT4 siRNA were treated with bovine serum albumin as a control, LPS (20 ng/mL), P-selectin (100 ng/mL), or P-selectin plus KPL1 (5 μg/mL) for 24 h, respectively. **a**, **b** The maturation surface molecular markers of DCs were analyzed by flow cytometry and histograms were created to illustrate the expression levels of CD80, CD86, and MHC- II. **c**, **d** The MLR assay was performed using CD4 + T cells as responder cells, which were co-cultured with the indicated DCs and proliferation was determined after 3 days using the Cell Counting Kit-8. **e**, **f** Representative pictures of the adhesion of fluorescently labeled DCs on HUVEC monolayers. Scale bar: 100 μm. **g**, **h** Representative pictures of the migration of DCs. Scale bar: 50 μm. Data are expressed as the mean ± SD (*n* = 4). \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001

P-selectin-PSGL-1 deficiency suppresses DC maturation under hypercholesterolemic and inflammatory conditions in vivo {#Sec5}
--------------------------------------------------------------------------------------------------------------------

To further evaluate the effect of P-selectin-PSGL-1 on DC maturation under in vivo hypercholesterolemic conditions, *ApoE*^*−/−*^, *ApoE*^*−/−*^*PSGL-1*^*−/−*^, and *ApoE*^*−/−*^*P*^*−/−*^ mice were fed a western diet for 12 weeks. Afterward, the splenic CD11c^+^ cells were analyzed for signs of DC maturation. As compared with *ApoE*^*−/−*^ mice, expression of the phenotypic maturation markers of DCs, including CD86 and MHC-II, were significantly decreased in *ApoE*^*−/−*^*PSGL-1*^*−/−*^ and *ApoE*^*−/−*^*P*^*−/−*^ mice (Fig. [3a](#Fig3){ref-type="fig"}). To further confirm the suppression of DC maturation, the serum levels of TNF-α, IL-6, and IFN-β were measured and found to be significantly decreased in both double knockout mice (Fig. [3b](#Fig3){ref-type="fig"}). In addition, both double knockout mice were found to be enriched in CD4CD25FoxP3 Treg cells in circulation, while circulating CD45CD11bLy6C^high^ inflammatory monocytes counts were significantly reduced (unpublished data).Fig. 3P-selectin-PSGL-1 deficiency suppresses DC maturation under hypercholesterolemic and inflammatory conditions in vivo.*ApoE*^*−/−*^, *ApoE*^*−/−*^*P*^*−/−*^, and *ApoE*^*−/−*^*PSGL-1*^*−/−*^ mice were fed a western diet for 12 weeks. **a** Representative flow cytometric dot plots showing the percentage of CD11c^+^ DCs expressing the DC maturation marker CD86 or MHC- II in spleen tissue. **b** ELISA analysis of the indicated cytokine levels in serum. WT and *PSGL1*^*−/−*^ mice were subcutaneously infused with P-selectin, NS, or LPS for 1 day. **c**, **e** Representative flow cytometric dot plots showed the percentage of CD11c^+^ DCs expressing the DC maturation marker CD86 or MHC-II in spleen tissue. **d**, **f** qRT-PCR analysis of the indicated cytokine mRNA levels in spleen tissue. Data are expressed as the mean ± SD (*n* ≥ 5). \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001

We next determined whether P-selectin-PSGL-1 influences DC maturation under inflammatory conditions. WT and *PSGL1*^*−/−*^ mice were subcutaneously infused with P-selectin (5 mg/kg), NS, or LPS (1 mg/kg) for 1 day. As shown in Fig. [3c](#Fig3){ref-type="fig"}, WT mice displayed higher expression levels of CD86 and MHC- II on splenic DCs after treatment with P-selectin and LPS than the mice treated with NS, while P-selectin-induced DC maturation was almost inhibited in *PSGL1*^*−/−*^ mice (Fig. [3e](#Fig3){ref-type="fig"}). Furthermore, qRT-PCR confirmed that P-selectin induced up-regulation of IL-6, TNF-α, and IFN-β at the mRNA level in spleen tissue (Fig. [3d](#Fig3){ref-type="fig"}). In contrast, there was no significant difference in IL-6, TNF-α, and IFN-β mRNA levels between the *PSGL1*^*−/−*^ mice treated with NS and those treated with P-selectin, or the expression of CD86 and MHC-II on splenic DCs, while the mRNA levels of the above cytokines and the maturation surface markers of DCs were all significantly increased in *PSGL1*^*−/−*^ mice treated with LPS (Fig. [3e, f](#Fig3){ref-type="fig"}). These data demonstrate that P-selectin contributed to the activation and the maturation of DCs, while deletion of PSGL1 or P-selectin suppressed splenic DC maturation and activation in response to hypercholesterolemia and inflammation.

Knockout of P-selectin or PSGL1 attenuated the development of atherosclerosis {#Sec6}
-----------------------------------------------------------------------------

To investigate the effect of P-selectin and PSGL-1 on the development of atherosclerosis, *ApoE*^*−/−*^, *ApoE*^*−/−*^*P*^*−/−*^, and *ApoE*^*−/−*^*PSGL-1*^*−/−*^ mice were fed a western diet for 12 weeks. As shown in Supplemental Table [S1](#MOESM1){ref-type="media"}, there were no significant differences in plasma lipid levels among the *ApoE*^*−/−*^, *ApoE*^*−/−*^*P*^*−/−*^, and *ApoE*^*−/−*^*PSGL-1*^*−/−*^ mice. As compared with *ApoE*^*−/−*^ mice*, ApoE*^*−/−*^*P*^*−/−*^, and *ApoE*^*−/−*^*PSGL-1*^*−/−*^ mice developed smaller atherosclerotic lesions, as determined by *en face* staining and Oil red O staining (Fig. [4a](#Fig4){ref-type="fig"}). Hematoxylin and eosin (H&E), Movat, and Masson staining indicated that both double knockout mice had smaller lesion size and necrotic areas, more collagen content, as compared with *ApoE*^*−/−*^ mice (Fig. [4b](#Fig4){ref-type="fig"}). The decreases of the plaque and necrotic areas and the increase in the collagen content in both double knockout mice may be associated with plaque stability. In addition, the number of DCs infiltrating into the lesions of *ApoE*^*−/−*^*P*^*−/−*^ and *ApoE*^*−/−*^*PSGL-1*^*−/−*^ mice was significantly less than in the lesions of *ApoE*^*−/−*^ mice (Fig. [4c](#Fig4){ref-type="fig"}). Meantime, plaque infiltration by monocytes/macrophages and lymphocyte CD4 T cells was impaired in two double knockout mouse strains (Fig. [S3](#MOESM1){ref-type="media"}). Thus, these findings indicate the important roles of PSGL-1 and P-selectin in mediating the recruitment of DCs into atherosclerotic lesions and the development of early atherosclerosis.Fig. 4Knockout of P-selectin or PSGL1 attenuated the development of atherosclerosis and DC accumulation.*ApoE*^*−/−*^, *ApoE*^*−/−*^*P*^*−/−*^, and *ApoE*^*−/−*^*PSGL-1*^*−/−*^ mice were fed a western diet for 12 weeks. **a** Representative images of Oil red O-stained aortae after *en face* preparation and quantification of lipid content (lipid content/vascular area) in three different groups. **b** Representative histological analysis results of the aortic sinus stained with H&E, Movat, and Masson's trichrome stain, and quantification of the plaque area (plaque area/lumen area), necrotic area (necrotic area/ plaque area), and collagen content (collagen content/plaque area) in aortic sinus. Scale bar: 200 μm. **c** Representative immunofluorescence staining of the aortic sinus of lesions with Alexa Fluor^®^ 647-conjugated anti-CD11c Ab. Scale bars: 200 and 50 μm, respectively. Data are expressed as the mean ± SD (*n* = 8). \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001

P-selectin induced DC activation through MyD88-dependent TLR4 signaling {#Sec7}
-----------------------------------------------------------------------

The TLR4 and nuclear factor (NF)-κB signaling pathway is essential to induce the maturation of DCs with upregulation of costimulatory molecules and T cell-dependent immune responses^[@CR12],[@CR15]^. We first analyzed the phosphorylation status of IKKα/β, IκBα, and NF-κB p65 in human DCs treated with P-selectin at different time points (0, 10, 20, 40, and 80 min). Our results showed that at 20 min, P-selectin significantly induced the phosphorylation of NF-κB p65 and IKKα/β, and promoted IκBα degradation and phosphorylation of IκBα (Fig. [S3A](#MOESM1){ref-type="media"}). Meanwhile, P-selectin significantly induced MyD88-dependent TLR4 signaling and increased the phosphorylation of p38, JNK, and IRAK4 (Fig. [S3B](#MOESM1){ref-type="media"}). After pretreatment with KPL1, PSGL1 knockdown of the DCs was performed. The results showed that P-selectin and LPS significantly increased the phosphorylation of IKKα/β, IκBα, and NF-κB p65, as well as the intensity of TLR4-induced MyD88-dependent phosphorylation of p38, JNK, and IRAK4, while pretreatment with KPL1 and knockdown of PSGL1 remarkably attenuated P-selectin-induced phosphorylation of these molecules (Fig. [5a, b](#Fig5){ref-type="fig"}). Consistent with these data, P-selectin significantly increased DC secretion of IL-6 and TNF-α, while the addition of KPL1 and knockdown of PSGL1 significantly decreased P-selectin-induced up-regulation of IL-6 and TNF-α (Fig. [5c, d](#Fig5){ref-type="fig"}). Similar to human DCs in vitro, the atherosclerotic plaques of *ApoE*^*--/*--^*/P*^*--/--*^ and *ApoE*^--*/--*^*/PSGL-1*^*--/*--^ mice exhibited less positive staining of MyD88, phospho-IRAK4, and phospho-NF-κB p65 than was observed in *ApoE*^*--/*--^ mice (Fig. [5e](#Fig5){ref-type="fig"}).Fig. 5P-selectin induced DC activation through MyD88-dependent TLR4 signaling.DCs were treated as described in the legend of Fig. [2](#Fig2){ref-type="fig"}. **a**, **b** Representative western blots showing expression levels of total and phospho-IKKα/β, total and phospho- IkBα, total phospho-NF-κB p65, total and phospho-P38, total and phospho-JNK, and total and phospho-IRAK4. The intensities of the protein bands were quantified and presented as the ratio of phosphorylated protein/total protein vs. controls after normalization to GAPDH (*n* = 3). **c**, **d** ELISA analysis of the TNF-α and IL-6 levels in the supernatants of DC culture medium (*n* = 3). **e** Immunohistochemical analysis of MyD88, phospho-IRAK4, and phospho-NF-κB p65 in atherosclerotic lesions of mice (*n* = 8). Scale bar: 200 and 50 μm, respectively. Data are expressed as the mean ± SD. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001

P-selectin induced DC activation through TRIF-dependent TLR4 signaling {#Sec8}
----------------------------------------------------------------------

TLRs generally signal via the MyD88-dependent pathway, leading to a proinflammatory response. Conversely, the MyD88-independent pathway involves TRIF, which activates IRF3 leading to the subsequent production of type I IFN^[@CR16],[@CR17]^. We found that P-selectin induced an increase in the protein levels of TRIF and the phosphorylation of IRF3, which started at 10 min and reached a maximum at 40 min (Fig. [S4C](#MOESM1){ref-type="media"}). In addition, KPL1 pretreatment or knockdown of PSGL1 on DCs significantly inhibited P-selectin-induced expression of TRIF, as well as the phosphorylation of IRF3 and secretion of IFN-β (Fig. [6a--d](#Fig6){ref-type="fig"}). Moreover, as compared with *ApoE*^*−/−*^ mice, the plaques of *ApoE*^*−/−*^*P*^*−/−*^ and *ApoE*^*−/−*^*PSGL-1*^*−/−*^ mice contained less TRIF and phospho-IRF3 (Fig. [6e](#Fig6){ref-type="fig"}).Fig. 6P-selectin induced DC activation through TRIF-dependent TLR4 signaling.DCs were treated as described in the legend of Fig. [2](#Fig2){ref-type="fig"}. **a**, **b** Representative western blots showing the expression levels of TRIF, as well as total and phospho-IRF3. The intensities of the protein bands were quantified and presented as the ratio of phosphorylated protein/total protein vs. controls after normalization to GAPDH (*n* = 3). **c**, **d** ELISA analysis of IFN-β levels in the supernatants of DC culture medium (*n* = 3). **e** Immunohistochemical analysis of TRIF and phospho-IRF3 (*n* = 8). Scale bars: 200 and 50 μm, respectively. Data are expressed as the mean ± SD. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001

Discussion {#Sec9}
==========

The present study provides insight into the uncharacterized role of P-selectin--DC interactions in atherosclerosis, with P-selectin accelerating disease progression by promoting DC maturation. Notably, as compared with normal controls, the mDC/pDC ratio was lower and serum P-selectin content was higher in STEMI. Furthermore, P-selectin was decreased and the mDC/pDC ratio was increased at 5--7 days after successful PCI as compared with values on admission. P-selectin or PSGL1 deficiency clearly attenuated the development of atherosclerosis when these mice were crossed into an *ApoE*^*−/−*^ background. Although these results are consistent with those of previous reports^[@CR18]--[@CR21]^, we further found that the absence of PSGL1 or P-selectin inhibited the maturation of DCs under hypercholesterolemic and inflammatory conditions, and impaired homing of CD11c^+^ DCs to atherosclerotic lesions. We also provide evidence that P-selectin stimulation markedly induced DC maturation, secretion of inflammatory cytokines, communication with T cells, adhesion, and migration, and further activated the TLR4 signaling pathways.

DCs are present in high numbers in the atherosclerotic vessel wall, where they can interact with T cells, macrophages, and smooth muscle cells to promote the release of cytokines and trigger and regulate adaptive immune responses^[@CR2],[@CR22],[@CR23]^. Our previous data and that of other researchers have demonstrated that the amounts of circulating DCs and precursor cells are decreased in patients with heart disease^[@CR24]--[@CR26]^. One possibility for the decrease in circulating DCs might be their enhanced recruitment to the disease site. Interestingly, Shimomura's group found that the plasma level of soluble P-selectin peaked significantly at 4 h in patients with acute myocardial infarction after initiation of reperfusion therapy, suggesting that the increase in P-selectin levels may be caused by activation of endothelial cells and platelets after myocardial ischemia or infarction^[@CR27]^. The results of the present study showed that the amount of circulating mDCs was reduced in STEMI patients on admission but had increased at 5--7 days after PCI, while pDC numbers were not significantly altered. Moreover, the number of circulating mDCs was inversely correlated with P-selectin. Recently, DCs have been further divided into two subsets, including conventional mDCs and pDCs. mDCs are activated by exogenous and endogenous danger signals binding to TLR2 and TLR4^[@CR28]^, which further trigger the recruitment of cytotoxic T cells via production of IL-12. Thus, mDCs play a critical role in atherogenesis and, in particular, plaque destabilization, which ultimately leads to plaque rupture^[@CR29]^, whereas the role of pDCs during atherogenesis remains controversial. pDCs are mainly activated by viral antigens binding to intracellular receptors, such as TLR9, and produce type I IFN, which is triggered by stimulation of plaque tissue with CpGs in vitro, upregulation of TLR4 on cDCs, and tumor necrosis factor--related apoptosis-inducing ligand by CD4^+^ T cells, resulting in the killing of plaque-resident cells^[@CR28],[@CR30]^. In contrast, pDC-depletion using an antibody against BST2 aggravated atherosclerotic lesion development in carotid arteries in *LDLR*^*−/−*^ mice, which is attributed to the loss of indoleamine 2,3-dioxygenase-dependent restraint of T-cell proliferation^[@CR31]^. Owing to the existence of two distinct subtypes of DCs with different functions, the migration of circulating mDCs into atherosclerotic plaques may be largely mediated by P-selectin, which is a possible reason for the decrease in circulating mDCs in STEMI. Furthermore, we found that P-selectin enhanced the adhesion and migration abilities of human DCs, while a deficiency of PSGL1 or P-selectin reduced the accumulation of DCs in atherosclerotic lesions.

Noticeably, PSGL-1 was widely expressed in leukocytes, the P-selectin/PSGL-1 axis should influence the migration and differentiation of immune cells, as with monocytes/macrophages and lymphocyte T cells. We can not deny that the limitation of using global PSGL1 and P-selectin-null mice in this study, which is insufficient to clarify the precise role of DCs in atherosclerosis, thus a conditional knockout approach will be employed in future studies.

DCs are currently known as the most potent antigen-presenting cells^[@CR3]^. The majority of DCs in vivo are in an immature state with low expression of the cell surface costimulatory molecules CD80 and CD86 as well as MHC-II, which are required for the stimulation of T cells. However, DCs undergo a series of phenotypic and functional maturations in response to various stimuli. At atherothrombosis sites, inflammatory stimulation, such as platelet degradation, leads to the rapid redistribution of P-selectin to the cell surface, where it binds to leukocyte PSGL-1, thereby contributing to cell adhesion, particularly associated with leukocyte rolling along the endothelial cell surface^[@CR8],[@CR9]^. It is reported that PSGL-1 is broadly expressed on the surface of DCs^[@CR32]^ and the regulation of O-glycosylation on PSGL1 was associated with the maturation of immature DCs and the migration of mature DCs^[@CR33]^. In general, PSGL-1 has long been studied as an adhesion molecule involved in immune cell trafficking, which is considered as a relatively new player in the immune checkpoint landscape^[@CR34]^. Several studies have demonstrated that PSGL1 plays a critical role in the regulation of myeloid cell differentiation into lymphocytes^[@CR35]^, monocytes^[@CR36]^, and neutrophils^[@CR37]^. The regulatory role of PSGL-1 was also identified in DCs. Urzainqui et al. reported that PSGL-1 could act as an immune tolerant receptor for human and mouse DCs^[@CR38]^. In addititon, the use of a P-selectin Ab had an inhibitory effect on DC maturation^[@CR39]^. Consistent with this observation, our results suggest that P-selectin has profound regulatory effects on the activation and function of DCs, where engagement of P-selectin or anti-PSGL-1 induces the secretion of IL-6, TNF-α, and IFN-β, which are associated with immune activation, and promoted the ability to induce CD4^+^ T cells.

In addition to regulating the migration of leukocytes into inflammation sites, PSGL1 also functions as a cell signaling transmembrane receptor. PSGL-1 activates intracellular protein kinases, such as mitogen-activated protein kinase, which controls the expression of various pro-inflammatory cytokines^[@CR40]^. Targeting P-selectin and PSGL1 interactions holds significant potential for the treatment of inflammatory disorders^[@CR41]--[@CR43]^. TLR4 receptor is abundantly present on the surface of DCs and is involved in the formation of foam cells and promotion of atherosclerotic plaque formation^[@CR12],[@CR44]^. Studies have shown that DC maturation is associated with NF-κB signal transduction and gene transcription^[@CR15],[@CR45]^, as main regulators of TLR4 gene expression. The binding of TLR4 to its ligand as well as a series of downstream signal transduction molecules can activate DC maturation, and further mediate the homing and accumulation of DCs at epithelial sites^[@CR46]--[@CR48]^. The results of this study suggest that PSGL1 is a potent mediator of both MyD88-dependent and TRIF-dependent TLR4 signaling in P-selectin-stimulated DCs. In the absence of PSGL1, DCs are in a detective state with lower expression of costimulatory molecules and poor induction of T-cell responses, as well as impaired TLR4 signaling after stimulation of P-selectin. Interestingly, the absence of PSGL1 did not influence the binding of LPS to TLR4 or the stimulation of DCs. Recently, Ling et al. found that CD11b (integrin αMβ2) facilitates LPS binding to TLR4 and controls the trafficking and signaling functions of TLR4 in DCs^[@CR49]^. Meanwhile, the engagement of P-selectin to PSGL1 induces an intermediate state of αMβ2 activation^[@CR50],[@CR51]^. Therefore, we presumed that PSGL1 may have an indirect role in connection with TLR4 in DCs. However, further investigations are required to address this hypothesis.

Conclusion {#Sec10}
==========

In summary, the present study of the first to demonstrate that P-selectin binds to PSGL-1 on the surface of DCs, which promoted DC maturation by the TLR4/NF-κB signaling pathway, which along with a variety of inflammatory factors contributed to the development and progression of atherosclerosis.

Materials and Methods {#Sec11}
=====================

Human study populations {#Sec12}
-----------------------

The study cohort included 34 patients with STEMI who were treated at the First Affiliated Hospital of Dalian Medical University (Dalian, China) between September 2016 and December 2016. Diagnoses were based on the "2014 ACC/AHA Guidelines for the Management of Patients with ST-segment Elevation Acute Coronary Syndromes"^[@CR52]^. The study protocol conformed to the principles of the Declaration of Helsinki, was approved by the Ethics Committee of the First Affiliated Hospital of Dalian Medical University, Dalian City, P.R. China (LCKY2016--6), and was registered with [www.clinicaltrials.gov](http://www.clinicaltrials.gov) as NCT02896543. Study inclusion criteria were: duration of chest pain \<24 h; 18--80 years old; left ventricular ejection fraction ≥45% as determined by echocardiography; and signed informed consent documents. Exclusion criteria were as follows: (1) abnormal hematopoietic function, such as platelets \<100 × 10^9^/L or \>700 × 10^9^/L or white blood cells \<3 × 10^9^/L; (2) complicated with other organ failure or severe diseases, such as severe renal insufficiency (glomerular filtration rate \< 60 ml/min•1.73 m^2^), severe liver injury (aspartate transaminase or alanine aminotransferase higher than 3-fold the normal upper limit), severe congestive heart failure (heart function of grade IV), acute and chronic infectious diseases, immune system diseases, asthma, cancer, and other late-stage diseases; (3) women who were pregnant or planning to become pregnant; (4) allergic or intolerant to drugs used for myocardial infarction, such as aspirin, clopidogrel, statins, angiographic agents, anticoagulant drugs, stent coated drugs, and stainless steel; (5) cognitive dysfunction, or severe hearing or visual impairment that may influence normal communication, as well as patients who rejected follow-up; and (6) patients who were participating in other drug or medical device clinical trials and had not achieved primary endpoints, or those who planned to participate in other drug or medical device clinical trials within 12 months after surgery. The control group consisted of 34 age-matched subjects without coronary artery disease based on coronary angiography performed at our hospital during the same period. Patients and controls with previous myocardial infarction, abnormal hematopoietic function, autoimmune diseases, malignancies, chronic or acute infections, severe heart failure, and advanced liver or renal diseases were excluded.

Cells {#Sec13}
-----

Human peripheral blood CD14^+^ monocytes were isolated using CD14^+^ immunomagnetic beads (Miltenyi Biotec, Bergisch-Gladbach, Germany) and then cultured for 5 days in complete medium containing 100 ng/mL of recombinant human granulocyte-macrophage colony stimulating factor (rhGM-CSF; PeproTech, Inc., Rocky Hill, NJ, USA) and 50 ng/mL of recombinant human interleukin 4 (rhIL4; PeproTech). Human CD4^+^ T cells were isolated from peripheral blood monocytes by positive selection with CD4^+^ immunomagnetic beads (Miltenyi Biotec). Primary HUVECs were purchased from ScienCell Research Laboratories (Carlsbad, CA, USA), cultured in endothelial cell medium (ScienCell), and maintained at 37 °C under 5% CO~2~ in a humidified incubator. The growth medium was changed every 2 days.

Mice {#Sec14}
----

ApoE-deficient mice (B6.129P2-Apoetm1unc/J), PSGL-1-deficient mice (B6.Cg-Selplgtm1Fur/J), and P-selectin-deficient mice (B6.129S7-Selptm1Bay/J) were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). *ApoE*^*−/−*^*PSGL-1*^*−/−*^-deficient mice were generated by crossing *PSGL-1*^*−/−*^ mice with *ApoE*^*−/−*^ mice, and *ApoE*^*−/−*^*P*^*−/−*^-deficient mice were generated by crossing *P*^*−/−*^ mice with *ApoE*^*−/−*^ mice. The genotype of all mice was identified by polymerase chain reaction (PCR), as shown in Supplemental Fig. [1](#Fig1){ref-type="fig"}. Mice were housed in a specific pathogen-free facility. The protocols of all mouse experiments were approved by the Institutional Animal Care and Use Committee of Dalian Medical University (approval no. L2014030).

Transfection {#Sec15}
------------

Small interfering RNA (siRNA) duplex oligonucleotides specific for PSGL1 were synthesized by GenePharma Co., Ltd. (Suzhou, China) with the following sequences: siNC: 5′-UUC UCC GAA CGU GUC ACG UTT-3′; siPSGL1(1): 5′-GAC CUU UCU UUG GGA CUG UTT-3′; siPSGL1(2): 5′-GUG CAG GCA AUA AAU AUG UTT-3′; siPSGL1(3): 5′-CGG ACC AAU AUC CCU CUA ATT-3′. On day 4, human DCs were seeded into six-well plates until 70% confluence and then transfected with 100 nM siRNA with Lipofectamine RNAi MAX reagent (Invitrogen Corporation, Carlsbad, CA, USA) in accordance with the manufacturer's instructions. After transfection for 48 h, RNA and protein samples were collected for quantitative real-time PCR (qRT-PCR) and western blot analyses (Fig. [S2](#MOESM1){ref-type="media"}).

Atherosclerosis and Splenic DC stimulation in vivo {#Sec16}
--------------------------------------------------

Eight-week-old male *ApoE*^*--/--*^*/P*^*--/--*^, *ApoE*^--*/*--^*/PSGL1*^--*/--*^, or *ApoE*^--*/*--^ mice were fed a western diet (21% fat + 0.15% cholesterol). At the end of 12 weeks of treatment, the mice were euthanized and the brachiocephalic trunks and blood samples were collected for analysis. For splenic DC stimulation, wild-type (WT), *PSGL1*^--*/*--^, *TLR4*^--*/--*^, and *MyD88*^*--/*--^ mice were subcutaneously (s.c.) infused with P-selectin at 5 mg/kg (R&D Systems, Minneapolis, MN, USA) for 1 day. Mice were s.c. infused with normal saline as a negative control group or treated with liposaccharide (LPS; 1 mg/kg; Sigma-Aldrich Corporation, St. Louis, MO, USA) as a positive control group. Three days later, the mice were killed and the spleens were collected. Single-cell suspensions were prepared and then analyzed by flow cytometry.

Histological study {#Sec17}
------------------

Aortic roots from *ApoE*^*−/−*^*, ApoE*^*−/−*^*P*^*−/−*^, and *ApoE*^*−/−*^*PSGL-1*^*−/−*^ mice were embedded in 10% buffered formalin, and 5-µm-thick serial sections were prepared and then stained with H&E to analyze lesions. Masson's trichrome stain was used to delineate the collagen content. Movat staining was performed to identify necrotic areas of the atherosclerotic lesions. Atherosclerotic lesions stained with Oil red O and quantified by *en face* analysis of the whole aorta.

Immunostaining {#Sec18}
--------------

Slides of aortic sinus sections were incubated with 0.3% H~2~O~2~ for 15 min to remove endogenous peroxidases, blocked with 5% bovine serum albumin at room temperature for 45 min, and then incubated overnight at 4 °C in a wet chamber with primary antibodies (Abs) against CD68, CD4, MyD88, TRIF, phospho-IRAK4, phospho-NF-κB p65, and phospho-IRF3 (Abcam, Cambridge, UK; all diluted to 1:100). After washing with phosphate-buffered saline, the slides were incubated with secondary Abs for 30 min and then visualized with diaminobenzidine. DCs in the sections were examined using an Alexa Fluor^®^ 647-conjugated anti-CD11c Ab (1:50; Novus Biologicals LLC, Littleton, CO, USA). Control immunostaining was performed using the respective nonimmune IgG. Quantification of positive areas was performed using Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Silver Spring, MD, USA)

Cytokine and lipid analysis {#Sec19}
---------------------------

Human serum levels of P-selectin and DC supernatant levels of tumor necrosis factor (TNF)-α, interleukin (IL)-6, and interferon (IFN)-β, and mouse serum levels of TNF-α, IL-6, IFN-β, and lipid profiles were measured using enzyme-linked immunosorbent assay (ELISA) kits (Abcam) and a cholesterol assay kit (Abcam), following the manufacturer's instructions.

RNA isolation and qRT-PCR {#Sec20}
-------------------------

Total RNA was extracted from cells and tissues using RNAiso Plus total RNA extraction reagent (Takara Bio, Inc., Shiga, Japan) and complementary DNA was synthesized using a qRT-PCR kit (Takara) according to the manufacturer's recommendations, using the following primer sequences: human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) forward: 5′-CCA TGG AGA AGG CTG GGG-3′, reverse: 5′-CAA AGT TGT CAT GGA TGA CC-3′; human PSGL1 forward: 5′-TCC TCC TGT TGC TGA TCC TAC TG-3′, reverse: 5′-TAC TCA TAT TCG GTG GCC TGT CT-3′; mice GAPDH forward: 5′-TGG CCT TCC GTG TTC CTA C-3′, reverse: 5′-GAG TTG CTG TTG AAG TCG CA-3′; mice IL-6 forward: 5′-TAG TCC TTC CTA CCC CAA TTT CC-3′, reverse: 5′-TTG GTC CTT AGC CAC TCC TTC-3′; mice TNF-α forward: 5′-TAG CCC ACG TCG TAG CAA AC-3′, reverse: 5′-GCA GCC TTG TCC CTT GAA GA-3′; mice IFN-β forward: 5′-CTC CAC AGC CCT CTC-3′, reverse: 5′-CAT CTT CTC CGT CAT CTC CAT AG-3′. Relative changes in mRNA expression were normalized to that of GAPDH using the 2^−ΔΔCt^ method.

Flow cytometry {#Sec21}
--------------

The following Abs were purchased from Becton Dickinson (San Diego, CA, USA; all diluted to 1:50): human phycoerythrin (PE) anti-CD11c, fluorescent isothiocyanate (FITC) anti-major histocompatibility complex (MHC) class II, FITC anti-CD80, FITC anti-CD86, PE anti-IL-3 receptor a chain (CD123), peridinin chlorophyll protein anti-human leukocyte antigen (HLA)-DR, FITC lineage cocktail 1 \[lin1, contains monoclonal Abs CD3 (T cells), CD14 (monocytes/macrophages), CD16 (natural killer cells), CD19 (B cells), and CD56 (natural killer cells)\], mouse FITC anti-MHC class II, FITC anti-CD80, FITC anti-CD86, and PE anti-CD11c.

Human peripheral blood cells were analyzed by three-color flow cytometry as reported previously^[@CR24]^. Human mDCs and pDCs were defined as Lin1^−^HLA-DR^+^/CD11c^+^ and Lin1^−^HLA-DR^+^/CD123^+^, respectively. Murine splenic DCs were identified as CD11c^+^ cells and the surface markers were incubated with anti-mouse MHC-II and CD86, respectively. Flow cytometry was performed on a FACS Caliber flow cytometer and analyzed with CellQuest Pro software (Becton Dickinson).

Mixed lymphocyte reaction (MLR) assay {#Sec22}
-------------------------------------

An MLR assay was used to evaluate the stimulation of DCs with allogeneic and syngeneic T-cell proliferation. On day 6, after treatment with mitomycin C (25 µg/mL) for 2 h to arrest cell proliferation, DCs without transfection or transfected with negative control siRNA or GALNT4 siRNA were serum-starved for 6 h and then treated with P-selectin (100 ng/mL; R&D Systems), LPS (20 ng/mL; Sigma-Aldrich), or KPL1 (5 μg/mL, a monoclonal Ab against PSGL-1; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 24 h. DCs (concentrations ranging from 1 × 10^3^ to 1 × 10^5^/mL) were then cocultured with CD4^+^ T cells (5 × 10^5^/mL) in 96-well plates for 3 days. T-cell proliferation was determined by the cell counting kit (CCK)-8 method. Following incubation for 1 h with CCK-8 solution, the optical density of the wells was measured at a wave length of 450 nm using a microplate reader.

Cell adhesion assay {#Sec23}
-------------------

On day 6, DCs were treated as described for the MLR assay. After 24 h, the DCs were harvested and prestained with 5 mol/L of calcein-AM (Sigma-Aldrich) for 30 min at 37 °C. HUVECs were activated by pretreatment with TNF-α (1 ng/mL, R&D system) for 6 h. After washing with phosphate-buffered saline, fluorescently labeled DCs were added onto the HUVEC monolayers at a density of 1 × 10^6^ cells/mL. Non-adherent monocytes were washed away after 30 min and adhesion was quantified by counting fluorescent monocytes attached to the endothelium.

Cell migration assay {#Sec24}
--------------------

Cell migration was determined in transwell chambers (Corning Costar, 8 μm; Corning, Inc., Corning, NY, USA). DCs were treated as described for the MLR assay. Then, 3 × 10^4^ cells were seeded in the upper chamber and complete medium containing 100 ng/mL of CCL21 (R&D Systems) was added into the lower chamber. Cell migration was allowed to proceed for 12 h. Cells that migrated to the lower surface of the filter were fixed with 4% formaldehyde, stained with 1% crystal violet, and quantified by cell counting under high magnification.

Western blot analysis {#Sec25}
---------------------

The total protein concentration was measured using a bicinchoninic acid assay kit (Beyotime Institute of Biotechnology, Haimen, China). In brief, 30 μg of proteins were loaded into each lane of sodium dodecyl sulfate polyacrylamide gels, separated by electrophoresis, and then transferred to polyvinylidene fluoride membranes (Pall Corporation, Beijing, China), which were incubated with primary Abs against IRAK4, phospho-IRAK4, P38, phospho-P38, JNK, phospho-JNK, TRIF, IRF3, phospho-IRF3, NF-κB p65, phospho-NF-κB p65, IKKα, IKKβ, phospho-IKKα/β, IkBα, and phospho-IkBα (Cell Signaling Technology, Inc., Beverly, MA, USA; all diluted to 1:1000), as well as GAPDH (1:5000) and PSGL-1 (Santa Cruz Biotechnology, Inc.; 1:1000). Anti-rabbit or mouse horseradish peroxidase-linked Ab (ZSGB-BIO Technology Co., Ltd., Beijing, China; 1:8000) was used as the secondary Ab. Detection was performed using a chemiluminescence kit (Advansta, Inc., Menlo Park, CA, USA). Densitometry of proteins was analyzed with Gel-Pro software (Media Cybernetics).

Statistical analysis {#Sec26}
--------------------

All data analyses were performed using IBM SPSS Statistics for Windows, version 21.0 (IBM Corporation, Armonk, NY, USA). Categorical data are expressed as numbers and percentages or ratios and were compared using the chi-square test. Continuous data are expressed as the mean ± standard deviation (SD) and were compared if normally distributed with homogenous sample variance using the independent sample *t*-test; otherwise, the rank sum test was used. Statistical significance was determined by single factor analysis of variance with Bonferroni correction. Spearman's rank correlation coefficient was used to assess the correlation between patient serum P-selectin levels and the mDC/pDC ratio. A two-tailed probability (*p*) value of \<0.05 was considered statistically significant.
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